Before the broad adoption and acceptance of the AO/ ASIF principles and techniques, cerclage wire, Kirschner wires, Steinmann pins, and staples were among the most common internal fixation devices. Rigid internal compression fixation techniques have become more commonplace in foot and ankle surgery, resulting in improved surgical outcomes. Although screw fixation has been most commonly used, optimal placement may require modification of traditional surgical techniques, which may not be desirable; these include alteration of osteotomy design to facilitate screw fixation, insertion of large and multiple implants, as well as increased usage of fluoroscopy. Periosteal stripping, retraction, and insertion of a relatively large internal fixation device across a bone-healing interface can also impair the circulation to the bone dramatically and affect the bonehealing process (1) .
Traditional staples have recently been redesigned with both new materials and engineering techniques to facilitate interfragmentary compression in theory, resulting in greater friction between bone fragments to counteract shearing forces. The ability of these new staples to impart compression may allow the surgeon to return to more traditional, and perhaps simpler, operative techniques.
An example of a recently designed staple is the UNI-CLIP (Newdeal Inc, USA, Plano, TX), which provides reduction by mechanically altering the shape of the staple. Another example, the OSStaple (BioMedical Enterprises, Inc, San Antonio, TX), is composed of a shape-memory alloy, which can provide both reduction and compression. In theory, these implant devices not only give the surgeon a capacity to stabilize the fusion or osteotomy, but also impart mechanical compression to aid the bone-healing process. Traditionally, the same effect was thought to be achievable by insertion of a standard bone staple after establishing "precompression" via a temporarily placed external distraction and compression device. Conventional staples, the Smith and Nephew Standard Large Staple (SLS; formally known as the Richard staple) (Smith & Nephew Inc., Memphis, TN), are used to maintain compression created by an external device, such as the SYNTHES Small Distractor (SYNTHES USA, Paoli, PA) (Fig 1) . We have presumed that the standard staple cannot only stabilize the fusion or osteotomy, but also maintain compression via this technique.
The UNI-CLIP is actuated by pliers. This staple has 2 legs and a diamond-shaped bridge (Fig 2) . The surgeon, using the pliers, opens the diamond-shaped metal bridge of the UNI-CLIP to draw or close the legs of the staple. The UNI-CLIP is made of stainless steel and has both elastic and plastic deformation properties; therefore, the staple is anticipated to close, providing measurable compression force directly related to the strength of the surgeon actuating the pliers.
In contrast, the OSStaple is made of nitinol (a nickeltitanium alloy) that possesses unique material thermoplastic properties. It is capable of providing compression across an interface without need of an external compression device. By heating the implant with bipolar electrical current, the molecular structure is altered, causing the implant to return to a "preprogrammed" shape (Fig 3) . This results in an inward movement of the legs and shortening of the bridge. Collectively, it would presumably provide uniform, residual dynamic compression force across the healing interface.
Because of the thermoplastic nature of the staple, it would provide dynamic compression force while it is in a warm environment, for example, at normal human body temperature. With physician-controlled reduction and plastic-deforming energy stored in the implant, OSStaple is thought to impart residual compression between the bone fragments.
Despite anecdotal evidence of the merits of these new compression staples, there is no scientific data that support their advantage over traditional noncompression staples used to maintain precompressed bone segments. To the authors' knowledge, there are no published compression force measurements for either new compression staples or traditional staples after precompression. In the current study, the biomechanical properties of 3 different staples were investigated. The interfacial force at 2 different sites within a calcaneal bone model was measured after insertion and activation of the OSStaple, the UNI-CLIP, and the Smith and Nephew SLS after precompression with the SYNTHES Small Distractor. Additionally, the ability of each staple to maintain compression over a short period of time was investigated.
Materials and Methods
A through-and-through transverse osteotomy was created in a Sawbones calcaneal bone model (Pacific Research Laboratories, Inc, Vashon, WA) posterior to the posterior facet of the subtalar joint articular surface within the body of the model. This osteotomy was uniformly created in all bone models with a special jig and automated saw (Fig 4) .
A single staple was then placed in the lateral cortex so as to evenly bridge the calcaneal bone model across the osteotomy. The OSStaple OS 2020, the UNI-CLIP 2020, and the Smith & Nephew Standard Large (14 mm ϫ 25 mm) Staple with teeth were evaluated.
Ten trials per staple system were performed to measure the compression force across the osteotomy. The initial compression force after activation of the staple and the compression force at 10 minutes were recorded at the near and far cortices of the model. If the trial resulted in gapping of the osteotomy, the gap was measured with feeler gauges at the end of the trial. One trial of each staple system was carried out to 12 hours.
All compression forces were measured with 2 Tekscan Flexiforce 0-to 100-pound transducers (Tekscan Inc, South Boston, MA). These transducers provide real-time force measurement with less than 5 microseconds delay and repeatability of Ϯ 2.5% of full scale. The 2 force transducers were placed centrally within the osteotomy site (Fig 5) . The primary force transducer (transducer A) was placed closest to the bridge of the staple at the lateral cortex of the calcaneal bone model. The secondary transducer (transducer B) was placed at the far cortex of the calcaneal model in close proximity to the tips of the staple legs.
The 2 fragments were then approximated and held in place with a vice modified to accommodate the calcaneal models (Fig 6) . The transducers were fixed on the vice to ensure consistent placement relative to the model osteotomy throughout the experiment. The vice was also fitted with 2 compression adjustment screws to provide a uniform preloading compression force across the simulated osteotomy. The preloading force across the osteotomy was then applied by the vice until both transducers read 1 Ϯ 0.5 lb. This minimal preloading assured a standardized starting point for all trials of each staple system. All trials were performed with the construct placed in a heated chamber at 36°to 38°C to simulate normal body temperature.
After standardization of each model, testing was performed as described below, for each staple system.
Smith & Nephew SLS
1. Small Distractor was placed 1 cm superior and parallel to the planned staple insertion site with two 3/32-inch Steinmann pins (Fig 7) . The device was then used in compression mode to provide compression across the osteotomy by tightening the dial until a maximum force of 20 Ϯ 0.5 lb was measured at the near cortex. The maximum force was predetermined by taking the average maximum force (where the force measurements no longer increase during tightening of the distractor device) from 3 pilot trials. In the pilot trials, compression force was not detected at the far cortex immediately after tightening was instituted with the distractor device. 2. Drill holes were made with the drill and guide provided with the system.
FIGURE 4
This osteotomy was uniformly created in all bone models with a special jig and automated saw.
FIGURE 5
Placement of the 2 transducers within the osteotomy site representing the near and far cortices.
FIGURE 6
A specialized vice was used to hold the calcaneal fragments throughout each trial.
3. The staple was impacted into the site until the bridge was firmly abutting the lateral cortex. The teeth on the bridge portion of the staple were engaged in the bone model. 4. The construct was placed in the environment chamber at 36°to 38°C for the duration of a trial. 5. The distractor and vice were slowly released. 6. Force data were simultaneously recorded while oven temperature was maintained at 36°to 38°C.
UNI-CLIP
1. Drill holes were made with the drill and guide provided with the system. 2. The UNI-CLIP was inserted in the holes and placed flush with the cortex. 3. The construct was placed in the environment chamber, and the temperature was maintained at 36°to 38°C. 4. The environmental chamber was opened for a minimal amount of time to activate the implant with the UNI-CLIP pliers until the primary transducer read 16 Ϯ 0.5 lb. The value, 16 lb, was chosen because the compression force exerted by the UNI-CLIP leveled off at this value in all 3 pilot trials. For the rest of the trials, this compression force was achieved by the same investigator using the modified UNI-CLIP pliers (Fig 8) . The attached nut on the modified pliers allows the investigator to precisely "dial in" the handles of the pliers closer together in a small increment. It can also maintain the force without fluctuation over time to minimize human error. In the pilot trials, compression force was not detected at the far cortex immediately after actuation of the staple using the pliers. 5. The pliers and vice were slowly removed. 6. Force data were simultaneously recorded while oven temperature was maintained at 36°to 38°C.
OSStaple
1. Drill holes were made with the drill and guide provided with the system. 2. The OSStaple was inserted in the drill holes, and the bridge was placed flush with the cortex. 3. The construct was placed in the environment chamber and maintained at 36°to 38°C. 4. The implant was activated with the OSSforce Controller in accordance with the manufacturer's recommended settings while the chamber door was open for a minimal amount of time. 5. The vice was slowly released. 6. Force data were simultaneously recorded while oven temperature was maintained at 36°to 38°C.
Statistics
Sample size estimates were based on 90% power to detect a statistically significant difference at the .05 alpha level, using differences between population means (PS version 2.1.31, copyright 1997, WD Dupont and WD Plummer; http://www.mc.vanderbilt.edu/prevmed/ps/index.htm). Student's t tests, for paired and unpaired continuous data, were used to detect statistically significant differences within and between each group of staples (STATA/SE 8.0; Stata Corporation, College Station, TX). All differences were considered significant when P Ͻ .05.
Results
A summary of results is presented in Table 1 . Both the SLS and UNI-CLIP immediately lost compression at the far cortex as soon as the external devices (the vice and distractor device for the SLS and the vice and pliers for the UNI-CLIP) were released (P Ͻ .0001) ( Table 2 ). Both the SLS and UNI-CLIP displayed gapping at the far cortex; hence, no difference was measured when the 2 staples were compared relative with this variable (Table 3 ). The OSStaple did not display gapping at the far cortex, and this was statistically significant (P Ͻ .0001) in comparison with both the SLS and the UNI-CLIP (Tables 4 and 5 ). The UNI-CLIP lost compression at the near cortex after the staple was actuated and the preload device was removed (P Ͻ .0001) ( Table 6 ). The OSStaple displayed a statistically significant increase in initial compression when compared with preload at both the near and far cortices (Tables  2 and 6 ). However, the OSStaple displayed decreased compression, at both the near and far cortices, when initial compression was compared with compression at 10 minutes (Tables 7 and 8) .
At the near cortex, the SLS provided greater compression values at 0 (P ϭ .0366) and 10 minutes (P ϭ .0366) in comparison with the UNI-CLIP (Table 3 ). The OSStaple provided greater initial compression than the SLS at the near cortex (P Ͻ .0001) and at the far cortex (P Ͻ .0001). After 10 minutes, the compression force exerted by the OSStaple was still greater at both the near cortex (P ϭ .02) and far cortex (P Ͻ .0001). In comparison with the UNI- CLIP, the OSStaple provided greater initial compression at the near cortex (P Ͻ .0001) and the far cortex (P Ͻ .0001). It also provided greater compression at 10 minutes at the near cortex (P ϭ .0017) and the far cortex (P Ͻ .0001).
Discussion
The 2 most influential factors that govern bone healing are vascular supply and biomechanical conditions, namely, stability (2) . Inadequate blood flow may lead to the deposition of fibrous connective tissue and fibrocartilage at the fracture or osteotomy ends, resulting in delayed union or nonunion. An unstable or flexible surgical construct is subject to local stresses and strains that strain the healing interface and, in turn, result in loss of reduction and, ultimately, nonunion.
Claes et al demonstrated that movements greater than 1 mm across osteotomized metatarsals in sheep resulted in a reduced amount of endosteal vessel bridging compared with bones subjected to movements (0.2 mm or less) (3). They proposed that increased formation of fibrocartilage was observed histologically when larger interfragmentary movement was permitted. The results suggested that attaining stability through internal fixation was necessary not only for prompt revascularization of the traumatized bone ends, but also for proper tissue differentiation. Claes et al also investigated the importance of preserving the periosteal vasculature. They compared traditional compression plate fixation with less invasive bridging external fixators in the repair of comminuted fractures and concluded that bone healing was negatively impacted by excessive periosteal compression and stripping used to achieve traditional methods of open repair (4) .
There are several biomechanical variables that influence new bone formation in proximity to a fracture line or osteotomy. Previous investigations have shown that gap size, interfragmentary motion, and strain impact the progression of osteoneogenesis (1, 2, 5-11). It is well documented that an interfragmentary gap of less than 2 mm will result in adequate bone healing because of the ability of the Haversian system to commence internal remodeling and subsequent progression of recanalization by the advancement of cutting cones (10 -13) . Achieving absolute stability through anatomic reduction and rigid fixation serves to reduce or eliminate both gap and strain. If the strain (change in gap length Ϭ gap length) exceeds the tolerable load of the newly formed bone, fibrocartilage deposition and nonunion are likely to result.
Large amounts of motion between bone fragments retard bone growth because of asymmetrical revascularization. Fibrous tissue formation, focal hemorrhage, and minimal cartilage formation were observed in osteotomies with minimally restrained motion during healing, whereas primary bone healing resulted in no visible callus formation because of the creation of a stable construct (1, 3, 7, 8) .
Conversely, using sheep models, Park et al demonstrated that micromotion resulted in abundant callus formation, which increased torsional strength and stiffness (14) . Interfragmentary movements of greater than 1 mm, on the other hand, inhibit angiogenesis and result in a large amount of nonvascular fibrocartilaginous tissue in sheep models (3) .
Interfragmentary compression, therefore, generates greater frictional force between the bone ends that serve to counteract mechanical stresses, such as shear and torsional forces. Ultimately, absolute stability can be maintained only in circumstances where the frictional force exceeds the deforming forces acting on the complex; conversely, when the deforming force exceeds the frictional force, movement at the bone-healing interface will result and primary bone healing will not take place. Given that each osteotomy was created under uniform conditions with identical bone models in the current study, the coefficient of friction at each osteotomy site was consistent throughout the trials. Therefore, a direct relationship between the compression force (normal force) and frictional force acting on the osteotomy site may be derived by the law of physics: frictional force ϭ coefficient of friction ϫ normal force.
With the SLS system, compression fixation with the SYNTHES Small Distractor was engaged with greater than normal clinical force and interfacial pressure after engagement at the near cortex was recorded as high as 20 lb without disturbance of the bone model. However, this very high initial compression dropped significantly when the distractor was removed and the vice was slowly released after insertion of the staple. This finding was unexpected; however, we suspect this to be due to elastic recoil created by the compressed bone model, where the SLS is unable to counteract this force. This would result in lesser frictional force at the osteotomy site after the preload was released, thereby making the construct more susceptible to deformation and failure.
With the UNI-CLIP, the force applied by the pliers resulted in gapping of the far cortex, and the compression forces were not measurable in either cortex. Activation of these staples via the pliers, in fact, surprisingly distracted the fragments rather than compressed them. This is most likely due to differential of resistance between the bridge and legs of the staple. As the bridge of the staple shortens, the legs of the staple encounter greater resistance from the bone model fixated in the vice. As more force is applied through the pliers, the diamond-shaped bridge will continue to deform without further displacement of the legs in the vice. The deformation will result in angulation of the bridge-leg junction away from the osteotomy site. When the vice was released, the legs of the staple will now follow the angulation of the deformed bridge-leg junction because they are not resisted by the vice. Be-cause of the relatively plastic nature of stainless steel, the deformation will be more permanent.
The gap was as large as 0.12 in (3 mm) in this series (Fig 9) . Our data suggest that overall stability might be compromised because of lack of frictional force in the absence of other potentially stabilizing factors (ligaments, tendons, adjacent bone structures). In vivo, secondary bone healing may ensue to compensate for the gap formation if the overall construct can resist large interfragmentary movements and strain.
In the current bench study, the OSStaple consistently generated the greatest and most uniform compression across the bone model osteotomy (Fig 10) . Theoretically, uniform compression should enhance the frictional force and actively resist mechanical stresses encountered during bone healing. In this situation, primary bone healing should be favored. The OSStaple was also capable of sustaining the compression over the duration of all of the trials.
For this comparison study, Sawbones were used because of the fact that the investigators can more precisely control and minimize the variables than they would with cadaveric specimens. Biomechanical properties of the Sawbones are consistent throughout the trials. Consistent bone cuts were possible with the same jig because the size and shape of the models were identical.
However, use of Sawbones excludes the external stabilizing factors provided by adjacent soft tissue structures. Ligamentotaxis created by the surrounding soft tissue structures would affect the magnitude of compression force applied by each staple system. Even with the through-andthrough osteotomy, it is less likely in a human or cadaveric specimen that gapping at the far cortex would occur, as was demonstrated in trials of the UNI-CLIP and SLS systems. From this experiment, it is clear that the vector of forces was directed outward, away from the osteotomy site in the UNI-CLIP and SLS systems at the far cortex. Again, this loss of compression force at the far cortex would result in overall lack of frictional force and, ultimately, less rigidity.
The effect of micromotion on each of the staple constructs was not explored in this bench study; however, it may serve as a foundation for future research.
Conclusion
This nonsponsored analysis, using plastic calcaneal bone models, showed significantly different geographic patterns and magnitudes of compression force exerted by each staple system. The clinical significance of these findings, if any, are yet to be determined by any clinical study; however, the results of this study should be helpful in appreciating the mechanism of action of each of the 3 different types of staples and can be used to guide surgeons in their choice of staple fixation.
